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of H2AX phosphorylation in response to DNA
damage and cell cycle progression
Jing An1,2, Yue-Cheng Huang1, Qing-Zhi Xu1, Li-Jun Zhou3, Zeng-Fu Shang1, Bo Huang1, Yu Wang1, Xiao-Dan Liu1,

De-Chang Wu1, Ping-Kun Zhou1*

Abstract

Background: When DNA double-strand breaks (DSB) are induced by ionizing radiation (IR) in cells, histone H2AX is

quickly phosphorylated into g-H2AX (p-S139) around the DSB site. The necessity of DNA-PKcs in regulating the

phosphorylation of H2AX in response to DNA damage and cell cycle progression was investigated.

Results: The level of gH2AX in HeLa cells increased rapidly with a peak level at 0.25 - 1.0 h after 4 Gy g irradiation.

SiRNA-mediated depression of DNA-PKcs resulted in a strikingly decreased level of gH2AX. An increased gH2AX was

also induced in the ATM deficient cell line AT5BIVA at 0.5 - 1.0 h after 4 Gy g rays, and this IR-increased gH2AX in

ATM deficient cells was dramatically abolished by the PIKK inhibitor wortmannin and the DNA-PKcs specific

inhibitor NU7026. A high level of constitutive expression of gH2AX was observed in another ATM deficient cell line

ATS4. The alteration of gH2AX level associated with cell cycle progression was also observed. HeLa cells with siRNA-

depressed DNA-PKcs (HeLa-H1) or normal level DNA-PKcs (HeLa-NC) were synchronized at the G1 phase with the

thymidine double-blocking method. At ~5 h after the synchronized cells were released from the G1 block, the

S phase cells were dominant (80%) for both HeLa-H1 and HeLa-NC cells. At 8 - 9 h after the synchronized cells

released from the G1 block, the proportion of G2/M population reached 56 - 60% for HeLa-NC cells, which was

higher than that for HeLa H1 cells (33 - 40%). Consistently, the proportion of S phase for HeLa-NC cells decreased

to ~15%; while a higher level (26 - 33%) was still maintained for the DNA-PKcs depleted HeLa-H1 cells during this

period. In HeLa-NC cells, the gH2AX level increased gradually as the cells were released from the G1 block and

entered the G2/M phase. However, this gH2AX alteration associated with cell cycle progressing was remarkably

suppressed in the DNA-PKcs depleted HeLa-H1 cells, while wortmannin and NU7026 could also suppress this cell

cycle related phosphorylation of H2AX. Furthermore, inhibition of GSK3b activity with LiCl or specific siRNA could

up-regulate the gH2AX level and prolong the time of increased gH2AX to 10 h or more after 4 Gy. GSK3b is a

negative regulation target of DNA-PKcs/Akt signaling via phosphorylation on Ser9, which leads to its inactivation.

Depression of DNA-PKcs in HeLa cells leads to a decreased phosphorylation of Akt on Ser473 and its target GSK3b

on Ser9, which, in other words, results in an increased activation of GSK3b. In addition, inhibition of PDK (another

up-stream regulator of Akt/GSK3b) by siRNA can also decrease the induction of gH2AX in response to both DNA

damage and cell cycle progression.

Conclusion: DNA-PKcs plays a dominant role in regulating the phosphorylation of H2AX in response to both DNA

damage and cell cycle progression. It can directly phosphorylate H2AX independent of ATM and indirectly

modulate the phosphorylation level of gH2AX via the Akt/GSK3 b signal pathway.
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Background

The DNA double-strand break (DSB) is a major type of

cellular damage induced by ionizing radiation. In mam-

malian cells, DSB in chromatin promptly initiates the

phosphorylation of histone H2AX at Ser139 to generate

g-H2AX foci in megabase regions localized around each

individual break, which is an essential and efficient coor-

dinator of recognition and repair of DNA damage to

ensure the maintenance of genomic stability [1-3]. The

H2AX-/- mouse displays multiple phenotypes, such as

enhanced radiosensitivity, delayed growth and immune

defects [4]. The H2AX gene, a member of the H2A

family, is located at 11q23.2-q23.3, and encodes a 142

amino acid protein. In response to DNA damage, H2AX

is phosphorylated in the C-terminus at Ser139, part of a

consensus SQE (Ser-Gln-Glu) motif that is a common

recognition site for phosphorylation by the phosphatidy-

linositol-3-OH-kinase-like family of protein kinases

(PIKKs) [5,6]. Phosphorylation of H2AX can be

mediated by all three major PIKK proteins, ATM [7,8],

ATR [9,10] and DNA-dependent protein kinase [8,11].

H2AX phosphorylation by ATM, which is linked to the

induction of DSBs, has been widely reported [7,12-14].

Phosphorylation of H2AX by ATR has been shown to

occur in response to UV-induced DNA damage [9,15]

or replication stress [10]. DNA-PKcs is the catalytic sub-

unit of the DNA-PK complex, in which the Ku70 and

Ku80 heterodimer binds to the ends of broken DNA,

and DNA-PKcs is recruited to form the active kinase

complex. DNA-PKcs was shown to be activated in

nucleosomes via Ku binding to the ends of nucleosomal

DNA. Activated DNA-PKcs is capable of phosphorylat-

ing H2AX within nucleosomes, and histone acetylation

stimulates the phosphorylation of H2AX largely by

DNA-PKcs [11]. DNA-PKcs has also been shown to

phosphorylate H2AX during apoptotic DNA fragmenta-

tion [16,17], and is responsible for the enhanced phos-

phorylation of H2AX under hypertonic conditions [18].

A direct connection between gH2AX foci formation and

disappearance, and DNA-PK activity, has also been

demonstrated in response to replication stress induced

by low levels of the replication inhibitor aphidicolin [19]

and replication-associated DNA damage [20]. In addi-

tion, H2AX phosphorylation was also found to be

dependent on DNA-PK in the DNA damage response

induced by the death receptor ligand TRAIL [17]. As all

three PIKK members are able to phosphorylate H2AX,

it is important to understand which plays the dominant

role in phosphorylating H2AX in response to gamma

radiation-induced DNA damage. Burma et al. previously

reported that H2AX phosphorylation at Ser139 after

X-irradiation is ATM-dependent in mouse embryonic

fibroblasts [7], while Stiff et al. showed that both ATM

and DNA-PK can promote radiation-induced phosphor-

ylation of H2AX in human and rodent cells [13]. Koike

et al. have recently reported that the regulatory mechan-

ism of gH2AX generation is tissue-specific in mice, and

that H2AX phosphorylation at Ser139 in the spleen

after X-irradiation is mainly mediated by DNA-PK [21].

Therefore, further investigation is needed to elucidate

the coordination of ATM and DNA-PKcs in regulating

H2AX phosphorylation in response to different stimuli

or conditions.

In addition, gH2AX dephosphorylation is another

mechanism by which cellular levels of gH2AX may be

regulated, and dephosphorylation of gH2AX is also

important for completing the DNA repair process. In

order to restore chromatin integrity and structure after

the repair process, phosphorylated H2AX must be con-

verted to H2AX, which is in principle accomplished

either by replacing gH2AX in the nucleosome with

H2AX, or by dephosphorylating nucleosomal gH2AX

directly. In mammalian cells, the phosphatases PP2A

and PP4 have been shown to be involved in the depho-

sphorylation of gH2AX [22-24].

Using siRNA-mediated depletion of DNA-PKcs, ATM-

deficient cells, the PI3K kinase inhibitor wortmannin,

and the specific inhibitor of DNA-PKcs NU7026, we

now show that DNA-PK plays a crucial role for H2AX

phosphorylation in response to ionizing radiation and

during cell cycle progression.

The AGC family Ser/Thr kinase protein kinase B

(PKB/Akt)/GSK3b is a common downstream signaling

pathway of both DNA-PKcs and 3-phosphoinositide-

dependent kinase 1 (PDK 1), in which Akt is fully acti-

vated through phosphorylation of two key residues,

Thr308 by PDK1 [25] and Ser473 by DNA-PKcs [26] in

response to DNA damage. The phosphorylated Akt can

then inactivate GSK3b by phosphorylating it on Ser9.

Therefore, we have further determined whether Akt/

GSK3b signaling involves in the regulation of H2AX

phosphorylation. We found that inactivation of GSK3b

using LiCl or specific siRNA, can upregulate gH2AX

levels and block the decrease in gH2AX caused by loss

of DNA-PKcs. SiRNA-mediated inhibition of PDK 1 can

also downregulate the levels of gH2AX. Our results

demonstrate that DNA-PKcs is a critical kinase, which

regulates the level of phosphorylated H2AX independent

of ATM.

Results

DNA-PKcs is required for H2AX phosphorylation in

response to DNA damage induced by ionizing radiation

A stable cell line, in which DNA-PKcs expression was

downregulated via siRNA (HeLa-H1), was generated

from HeLa cells (Figure 1A). Depletion of DNA-PKcs
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resulted in an increased sensitivity to radiation (Figure

1B) and decreased repair of DNA double-strand breaks

(DSB) (Figure 1C and 1D). Comet assays showed that

80% of IR-induced DSB, as measured by the tail

moment, were repaired at 3 h after 4 Gy in the DNA-

PKcs-expressing HeLa-NC cells, compared to only 30%

DSB repair in HeLa-H1 cells. After 4 Gy, the level of

gH2AX in HeLa-NC cells was quickly elevated, reaching

a peak at about 1 h post-irradiation. In contrast, the

level of gH2AX was barely increased in DNA-PKcs-

silenced HeLa-H1 cells (Figure 2A), indicating that

DNA-PKcs is necessary for the phosphorylation of

H2AX in response to radiation. In order to confirm this

result, we detected the gH2AX level in HepG2-H1,

another DNA-PKcs depleted cell line generated from

HepG2 cells transfected with a specific siRNA con-

structs targeting the DNA-PKcs catalytic motif (nucleo-

tides 11637~11655, H1). It was found that the induction

of gH2AX by 4 Gy in HepG2-H1 cells was also much

lower than that in control HepG2-NC cells (Figure 2B).

To determine the relative contributions of ATM and

DNA-PKcs to the phosphorylation of H2AX in response

to DNA damage, we measured changes in gH2AX levels

in two ATM-deficient cell lines, AT5BIVA and ATS4

after 4 Gy g-irradiation (Figure 2C). An increased autop-

hosphorylated DNA-PKcs on Ser2056 was induced at

least 15 to 60 min after 4 Gy in these two cell lines

(data not shown). As shown in Figure 2D, a clear

increase in gH2AX was induced in AT5BIVA cells at

0.25-1 h after g-irradiation, although the amount of

Figure 1 Depletion of DNA-PKcs inhibits DNA double-strand break (DSB) repair and sensitizes HeLa cells to ionizing radiation.

A: Depletion of DNA-PKcs by specific siRNA in HeLa-H1 cells. B: Survival curves of DNA-PKcs-depleted cells (HeLa-H1) and control cells

(HeLa-NC). C: Comet images of DNA DSB detected by neutral single cell gel electrophoresis 0-6 h post-irradiation. D: The repair kinetics of

4 Gy-induced DNA DSBs detected by comet assay. The tail moment was used as the endpoint of DNA DSB. Each bar represents the mean

tail moment from three independent experiments. 100 individual comets were counted per time point for each experiment. # p < 0.01,

as compared to the HeLa-NC cells at the same time point.
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increased gH2AX level was slightly less than that of

HeLa cells. Unexpectedly, the ATM-deficient cell line

ATS4 showed a high constitutive level of gH2AX (Figure

2E). Indeed, the level of gH2AX in ATS4 cells under

normal growing conditions was so high that radiation

did not induce any further increase. Wortmannin has

inhibitory activity against both ATM and DNA-PK, and

it effectively reduced the induction of H2AX phosphory-

lation by radiation in AT5BIVA cells (Figure 2F). To

more specifically investigate the role of DNA-PK in

radiation-induced H2AX phosphorylation, we used the

competitive and highly specific DNA-PK inhibitor

NU7026. Treatment of cells with 10 μM NU7026 largely

abolished the radiation-induced phosphorylation of

H2AX in AT5BIVA cells (Figure 2G) as well as ATM

efficient HeLa-NC cells (Figure 2H). These data indicate

that DNA-PKcs plays a critical role in the phosphoryla-

tion of H2AX in response to DNA damage.

DNA-PKcs is required for H2AX phosphorylation

associated with cell cycle progression

To synchronize cells, thymidine was used to block cells

at the G1/S transition by reversibly inhibiting DNA

synthesis, without affecting the progression of other cell

cycle phase. Different phases of synchronized cells were

obtained by harvesting cells at different times after

release from a thymidine-induced G1 block (Figure 3A

and 3B). As shown in Figure 3B (left), the majority of

the cell population was in S-phase (80%) at 5 h and pro-

ceeded into G2/M phase 8-10 h after release from the

Figure 2 Phosphorylation of H2AX in response to radiation-induced DNA damage in the presence or absence of DNA-PKcs and ATM.

A, B: Phosphorylated H2AX (gH2AX) levels in DNA-PKcs depleted HeLa-H1 (A), HepG2-H1 [39] (B) cells and the control HeLa-NC or HepG2-NC

cells. Cells were harvested at 0, 0.25, 1, 4 and 10 h after 4 Gy g-irradiation. Protein expression was assayed by Western blotting. C: Expression of

phospho-ATM at Ser-1981 detected at 0.5 h after 4 Gy g-irradiation. D, E: H2AX phosphorylation in ATM-deficient cells AT5BIVA (D) and ATS4 (E)

after 4 Gy g-irradiation. Cells were harvested at 0, 0.25, 1, 4 and 10 h post-irradiation, and protein expression was assayed by Western blotting.

F, G: The effect of the PI3K inhibitor wortmannin (F) and the DNA-PKcs specific inhibitor NU7026 (G) on H2AX phosphorylation in AT5BIVA cells

after g-irradiation. AT5BIVA cells were pretreated with 2 μM wortmannin or 10 μM NU7026 for 2 h, then irradiated with 4 Gy. The cells were

harvested at 0, 0.25, 1 and 4 h after irradiation. Protein expression was assayed by Western blotting. H: The effect of NU7026 treatment (10 μM)

on H2AX phosphorylation in HeLa-NC cells after 4 Gy irradiation.
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G1 block in both HeLa-H1 and HeLa-NC cells. How-

ever, the S-phase population of HeLa-H1 cells at 8-10 h

after release (26-33%) was higher than that of HeLa-NC

cells (~15%). Consistently, the G2/M-phase proportion

of HeLa-H1 cells (33-40%) was relatively lower than that

of HeLa-NC cells (56-60%) (Figure 3B-right).

An alteration of phosphorylated H2AX level associated

with cell cycle progression has been observed (Figure

4A). In HeLa-NC cells, gH2AX levels gradually

increased 5 h after release from the G1 block, and

reached a peak at 8-10 h, i.e. with the majority of cells

in G2/M-phase. This cell cycle associated increase of

gH2AX levels in the DNA-PKcs-depleted HeLa-H1 cells

was much lower than that in control HeLa-NC cells.

The expression peak in HeLa-H1 cells was delayed to 10

h after the G1 release and was also much weaker than

in HeLa-NC cells. Treatment with 2 μM wortmannin

inhibited the cell cycle-associated phosphorylation of

H2AX (Figure 4B). Moreover, the DNA-PKcs specific

inhibitor NU7026 also largely abolished this cell cycle-

associated phosphorylation of H2AX (Figure 4C). There-

fore, we conclude that DNA-PKcs is required for the

phosphorylation of H2AX associated with cell cycle pro-

gression. In order to determine whether ATM is neces-

sary for the cell cycle-associated phosphorylation of

H2AX, we examined gH2AX levels in synchronized

ATM-deficient cells. An increase in gH2AX was clearly

seen at 8-10 h after release from the G1 block for two

ATM-deficient cell lines, ATS4 (Figure 5A) and

AT5BIVA (Figure 5B).

The Akt/GSK3b signaling pathway is involved in the

regulation of H2AX phosphorylation

To explore the potential alternative mechanism by

which DNA-PKcs regulates H2AX phosphorylation, we

investigated the role of Akt and GSK3b, downstream

Figure 3 Cell cycle progression of the synchronized DNA-PKcs-depressed HeLa-H1 cells and control HeLa-NC. A: Representative

histograms of flow cytometry analysis. The cells synchronized in G1 phase by TdR double-blocking. G1 arrested cells were cultured in fresh

DMEM, collected at 0, 5, 8, 9, 10 h after released from G1 block, analyzed by flow cytometry. B: Quantitative data of the cell cycle distribution of

the cells released from G1 blockage by TdR double-blocking. Left panel, the proportion of S-phase cells at different times after released from G1

block. Right panel, the proportion of G2/M-phase cells at different times after cell cycle re-entry.
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targets of both DNA-PKcs and phosphoinositide-depen-

dent kinase 1 (PDK 1), in the regulation of gH2AX.

Indeed, depletion of PDK by RNAi led to not only a

decrease in phosphorylated Akt on Thr308 and Ser473

(Figure 6A), but also inhibition on the phosphorylation

of H2AX in response to 4 Gy (Figure 6C) and in G2/M-

phase cells (Figure 6D). These results indicate that Akt/

GSK3b signaling could play an important role in

regulating the phosphorylation of H2AX. As shown in

Figure 6B, siRNA-mediated downregulation of DNA-

PKcs led to a decrease in the phosphorylation of Akt at

Ser473, and of GSK3b at Ser9, as well as activation of

GSK3b which is negatively regulated by Akt. Treatment

with 40 μM LiCl, an inhibitor of GSK3b, prolonged the

duration of increased gH2AX levels to at least 10 h

post-irradiation (Figure 7A). LiCl treatment also

Figure 4 Phosphorylation of H2AX associated with cell cycle progression and the relative contributions of DNA-PKcs. A: Levels of

gH2AX associated with cell cycle progression in DNA-PKcs-depleted HeLa-H1 (right) and control HeLa-NC cells (left). B: The effect of wortmannin

on cell-cycle associated H2AX phosphorylation. After G1 synchronization by TdR double-blocking, cells were cultured in fresh DMEM

supplemented with 2 μM wortmannin, then collected at 0, 5, 8, 9, 10 h, and analyzed by Western blotting. C: The effect of NU2076 on cell-cycle

associated H2AX phosphorylation. After G1 synchronization by TdR double-blocking, cells were cultured in fresh DMEM supplemented with

10 μM NU2076, then collected at 0, 5, 8, 9, 10 h, and analyzed by Western blotting.
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increased gH2AX levels in the thymidine-synchronized

HeLa cells in G2/M phase, i.e. 8-10 h after release from

G1 block (Figure 7B). Moreover, downregulation of

GSK3b expression by specific GSK3b siRNA (Figure 7C)

also significantly enhanced and prolonged the phosphor-

ylation of H2AX in response to irradiation (Figure 7D)

and in G2/M phase cells (data not shown). It has been

reported that phophatase PP2A and PP4 can depho-

sphorylate gH2AX [22-24]. We demonstrated that the

increased gH2AX induced by GSK3b inhibitor or speci-

fic siRNA molecules is equivalent to that induced by the

PP2A inhibitor fostriecin (Figure 7E). Taken together,

these data suggest that the Akt/GSK3b signaling path-

way could also be involved in regulating the depho-

sphorylation of gH2AX.

Discussion

DNA DSB induced by gamma irradiation, or other DSB

inducers, leads to rapid phosphorylation of H2AX at

Ser139 by ATM, ATR and DNA-PKcs, resulting in

gH2AX [3]. The foci formed by gH2AX can recruit

DNA damage response proteins, such as BRCA1, 53BP1,

and MDC1, to initiate DNA repair [5,27,28]. In addition,

other related proteins such as NBS, CHK2, SMC1,

Rad51 and Rad50, are also co-localized to gH2AX foci,

but these proteins may be indirectly induced by other

DNA damage response proteins [29]. After gH2AX

marks sites of DNA damage, the damage recruits repair

proteins and dephosphorylation of gH2AX is necessary

for release of repair proteins from the damage sites to

complete the DNA repair process. The protein phospha-

tases 2A (PP2A) and PP4 were previously shown to be

responsible for dephosphorylation of gH2AX [22-24]. It

has been debated as to whether Ser139 of H2AX is

phosphorylated by ATM alone or both ATM and DNA-

PK after ionizing radiation [21]. Our data indicate that 4

Gy irradiation can rapidly induce H2AX phosphoryla-

tion (within 15 min), and that gH2AX then declines to

normal levels after 4 h in HeLa cells. Depletion of

DNA-PKcs by siRNA significantly abolished the IR-

induced phosphorylation of H2AX in HeLa-H1 cells.

It was reported that deficiency of DNA-PKcs causes

downregulation of ATM in HeLa cells [30]. Consistent

with this, the ATM protein level was also decreased in

HeLa-H1 cells in concordance with the reduced DNA-

PKcs (data not shown), and this further contributes to

the dramatic reduction of gH2AX in HeLa-H1 cells. A

dramatic decrease of IR-induced gH2AX was also

demonstrated in the DNA-PKcs-depleted HepG2-H1

cells (Figure 2B). In contrast, a dramatic increase in

gH2AX was induced by radiation in ATM-deficient

AT5BIVA and ATS4 cells (Figure 2D, E). Moreover,

ATS4 cells had a very high constitutive level of gH2AX

(Figure 2E). In addition, the DNA-PKcs-specific inhibi-

tor NU7026 can effectively abolish IR-induced phos-

phorylation of H2AX.

Figure 5 Cell Cycle associated H2AX phosphorylation in ATM deficient cells. The levels of phosphorylated H2AX at different times after

release from G1 block were detected in ATM deficient cell lines ATS4 (A) and AT5BIVA (B). Synchronized G1 cells were cultured in fresh DMEM,

harvested at 0, 5, 8 and 10 h after cell cycle re-entry, and protein expression was assayed by Western blotting.
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Figure 6 Regulation of phosphoinositide-dependent kinase (PDK) on the phosphorylation of H2AX. A: RNAi mediated depletion of PDK

protein. HeLa cells were transfected with 50 nM PDK specific siRNA molecules or non-specific (ns) control siRNA. Western blotting shows PDK

expression. B: Phosphorylation of Akt at Ser473 and GSK3b at Ser9 was decreased in the DNA-PKcs depleted HeLa-H1 cells compared to control

HeLa-NC cells. C: PDK regulates the phosphorylation of H2AX in response to DNA damage induced by 4 Gy of g-irradiation. After 48 h

incubation with 50 nM PDK-specific siRNA or non-specific (ns) control siRNA, cells were irradiated with 4 Gy g rays, then harvested 0, 0.5, 1, 4,

10 h post-irradiation and analyzed by Western blotting. D: PDK regulates the phosphorylation of H2AX associated with cell cycle progression.

After 24 h incubation with 50 nM PDK-specific siRNA or non-specific (ns) control siRNA, cells were synchronized in G1 phase by TdR double-

blocking, then released and harvested after 5 h, for S-phase, and at 8, 9, and 10 h, for G2/M phase. The culture medium was supplemented with

50 nM siRNA molecules during the period of synchronization and cell cycle progression. Protein expression was assayed by Western blotting.
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Figure 7 Regulation of H2AX phosphorylation in response to DNA damage and cell cycle progression by GSK3b. A: The GSK3b inhibitor

LiCl prolongs phosphorylated H2AX increase in response to 4 Gy irradiation. HeLa cells were pretreated with 40 μM LiCl for 2 h, irradiated with

4 Gy g rays and harvested at 0, 0.5, 1, 4 and 10 h after irradiation. Protein expression was assayed by Western blotting. B: GSK3b inhibitor LiCl

enhanced the phosphorylation of H2AX in G2/M phase cells. To release the cells from G1 block and inhibit GSK3b activity, synchronized HeLa

cells were grown in DMEM medium supplemented with 40 μM LiCl. S-phase cells were harvested at 5 h and G2/M phase cells at 8, 9 and10 h

after released. Protein expression was assayed by Western blotting. C: RNAi depletion of GSK3b. HeLa cells were transfected with 50 nM GSK3b

siRNA or non-specific (ns) control siRNA molecules. GSK3b expression was determined by Western blotting. D: Effect of GSK3b depletion on the

phosphorylation of H2AX induced by 4 Gy g-irradiation. After 48 h incubation with 50 nM GSK3b-specific siRNA or control non-specific (ns), cells

were irradiated with 4 Gy g rays, and harvested at 0, 0.25, 1, 4 and 10 h post-irradiation. Protein expression was assayed by Western blotting.

E: Effect of the PP2A inhibitor fostriecin on H2AX phosphorylation. HeLa cells were pretreated with 50 nM fostriecin for 2 h, and then irradiated

with 4 Gy g rays, and harvested at 0, 0.25, 1, 4 and 10 h post-irradiation. Protein expression was assayed by Western blotting.
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Koike et al recently reported that the level of gH2AX

also increased in mice lacking either ATM or DNA-PK

following X-irradiation [21], and they suggested that the

phosphorylation of H2AX and the elimination of

gH2AX following radiation proceeds in both DNA-

PK-dependent and independent manner in vivo.

Furthermore, they also demonstrated a tissue-specific

mechanism of gH2AX level regulation, e.g. the phos-

phorylation of H2AX at Ser139 after X-irradiation in the

spleen is mainly mediated by the DNA-PK [21]. Low

doses of replication-inhibitor aphidicolin (APH) induce

DSBs in replicating cells, and the formation of these

DSBs requires Bloom’s syndrome-associated (BLM) heli-

case and Mus81 nuclease [31]. These APH-induced

BLM and Mus81-dependent DSBs activate the phos-

phorylation of H2AX by ATR kinase, while the DSBs

are transient and appear to be rapidly repaired by DNA-

PK-dependent non-homologous end joining (NHEJ)

[19]. Therefore, it could be more complicated than gen-

erally considered regarding the regulatory mechanisms

of gH2AX levels after DNA damage induced by ionizing

radiation. Our findings further suggest that DNA-PKcs

plays no less important role than does ATM, or both

are functionally complementary to each other, in modu-

lating of H2AX phosphorylation in response to DNA

damage induced by ionizing radiation. Phosphorylated

H2AX has also been reported in untreated normal and

tumor cells, which can be explained as the consequence

of a physiological event that involve DNA recombina-

tion [12] or due to DNA damage induced by reactive

oxygen species (ROS) generated by metabolic activity

during progression through the cell cycle [32]. The

increased constitutive gH2AX seen in ATS4 cells could

reflect the high levels of residual DNA damage.

Information regarding the association of H2AX phos-

phorylation and cell cycle progression is scarce. One

report showed ATR-mediated phosphorylation of H2AX

generated during DNA replication [10]. Kurise et al.

reported that blocking HL-60 cells at the G1/S transi-

tion by treatment with inhibitors of DNA replication

(thymidine, aphidicolin and hydroxyurea) resulted in

H2AX phosphorylation at Ser139, and that this effect is

most pronounced in S-phase cells and in cells under-

going induced apoptosis [33]. In this study, we found

that a peak of H2AX phosphorylation appeared when

synchronized HeLa cells entered the G2/M phases, but

not in G1-arrested cells or in cells during S-phase (Fig-

ure 4A). These results are consistent with a previous

report by Ichijima et al [34]. ATM deficiency did not

significantly affect cell cycle progression-associated

H2AX phosphorylation (Figure 5A and 5B), but loss of

DNA-PKcs by the siRNA strategy (Figure 4A) or chemi-

cal inhibitors (Figure 4B and 5C) led to a marked

decrease in gH2AX levels. Therefore, we conclude that

DNA-PKcs also plays a key role in regulating H2AX

phosphorylation associated with cell cycle progression.

In addition, DNA-PKcs depletion can lead to some

delay in G2-phase entry (Figure 3A and 3B).

The AGC family Ser/Thr kinase protein kinase B (PKB/

Akt) was originally identified to be a central regulator of

cell metabolism, survival, and proliferation. Following

mitogen stimulation, Akt is fully activated through phos-

phorylation of two key residues, Thr308 in the activation

loop and Ser473 in the C-terminal hydrophobic motif.

Akt/Thr308 is phosphorylated by 3-phosphoinositide-

dependent kinase 1 (PDK1) [35], while Akt/Ser473 is a tar-

get of the mammalian target of rapamycin complex 2

(mTORC2) [36]. Akt/Ser473 has been also identified as

one of the downstream substrates of DNA-PKcs in

response to DNA damage [26], and the phosphorylated

Akt can inactivate GSK3b by phosphorylating it on Ser9.

The direct phosphorylation of Akt on S473 by DNA-PK

requires a specific recognition sequence in the C-terminal

hydrophobic motif surrounding the Ser-473 phospho-

acceptor site in PKB [37]. Bozulic et al have recently

shown that PDK1 is responsible for Akt/Thr308 phos-

phorylation in the DNA damage induced by ionizing

radiation, and GSK3 phosphorylation after DNA damage

depends on both DNA-PK-mediated and PDK1-mediated

activation of Akt [25]. In PDK1-/- cells, phosphorylation of

Akt/Thr308 was not detected after ionizing radiation, and

phosphorylation of Akt/Ser473 was also much lower than

in wild-type cells. This was further reflected by the lack of

phosphorylation of GSK3a although DNA-PKcs was

active in PDK1-/- cells. Our data demonstrate that inhibi-

tion of GSK3b by siRNA or LiCl resulted in increased

phosphorylation of H2AX in G2/M phase cells (Figure 7B)

and after irradiation (Figure 7A, D). Inhibition of GSK3b

prolonged the time of gH2AX elevation after radiation,

and which implicates GSK3b in promoting dephosphory-

lation of gH2AX. Therefore, we suggest another pathway

of DNA-PKcs affecting the H2AX phosphorylation level,

i.e., DNA-PKcs activates Akt via phosphorylation on

Ser473, which in turn inactivates GSK3b via phosphorylat-

ing Ser9 [38]. The inactivated GSK3b loses its effect of

negatively modulating the gH2AX level. Furthermore,

depletion of PDK 1, an upstream regulator of Akt, by

RNAi also results in a decrease in radiation-induced (Fig-

ure 6C) and cell cycle associated (Figure 6D) phosphoryla-

tion of H2AX, This further supports the involvement of

Akt/GSK3b in regulating the gH2AX level.

Conclusion

The phosphorylation and dephosphorylation of H2AX is

necessary for the DNA damage repair process. In mam-

malian cells, there are likely multiple pathways involved

in modulating gH2AX in response to DNA double-

strand breaks (DSB) induced by ionizing radiation. Our
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results further demonstrate that DNA-PKcs plays a criti-

cal role in the phosphorylation of H2AX in response to

both DNA damage and G2/M phase entry. DNA-PKcs

can both directly phosphorylate H2AX and indirectly

modulate the gH2AX level through the Akt/GSK3b sig-

naling pathway. More studies are needed to elucidate

the detailed mechanism of GSK3b regulating the

gH2AX level in response to the DNA damage and dur-

ing cell cycle progression.

Methods

Cell Culture and siRNA Transfection

HeLa, A549, ATS4, and AT5BIVA cells were maintained

in Dulbecco’s modified Eagle’s medium (DMEM) con-

taining 10% fetal bovine serum, 100 U/ml of penicillin

and 100 μg/ml of streptomycin in a humidified chamber

at 37°C in 5% CO2. HeLa-H1, HeLa-NC, HeG2-H1 and

HepG2-NC cells were generated from HeLa cells or

HepG2 cells via stable transfection with specific siRNA

constructs targeting the DNA-PKcs catalytic motif

(nucleotides 11637~11655, H1), or a control construct

(NC), respectively [39].

The siRNA duplexes used in this study were synthesized

by Genechem (Shanghai, China), including PDK-specific

siRNA (sense strand: 5’-CAACAUAGAGCAGUACAUU-

3’), GSK3b-specific siRNA (sense strand: 5’-GAGCAAAU-

CAGAGAAAUGAdtdt-3’), and non-specific control

siRNA (sense strand: 5’-UUCUCCGAACGUGUCAC-

GUdtdt-3’). For siRNA transfection, 2.5 × 105 cells/well

were plated in 6-well culture plates. After 24 h, 30 μl of

Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA)

was added to 1.5 ml DMEM without antibiotics and

serum, and incubated at room temperature for 5 min

(solution A). 50 nM siRNA was added to 1.5 ml DMEM

without antibiotics and serum (solution B). Solution A and

solution B were then mixed and incubated at room tem-

perature for 20 min. The cell culture medium was

removed, and then 0.5 ml of the Lipofectamine 2000-

siRNA mixture and 1.5 ml of fresh DMEM without anti-

biotics were added to each culture well and gently mixed.

After 48 hours of incubation, the cells were harvested for

western blot analysis.

Irradiation

Cells were irradiated at room temperature using a

cobalt-60 g-ray source at a dose rate of 1.7 Gy min-1.

For the mock-radiation control, cell cultures were

placed in a non-radiation room with the same environ-

ment for the same amount of time as treated cultures.

Chemicals and Antibodies

Wortmannin and NU7026 were purchased from Sigma-

Aldrich. All antibodies were purchased commercially:

anti-b-actin (I-19-R, Santa Cruz, CA), anti-DNA-PKcs

(H-163, Santa Cruz, CA), gH2AX (05-636, Upstate Bio-

technology, Charlottesville, VA), anti-GSK3b (#9332,

Cell Signaling, Danvers, MA), anti-phospho-GSK3b

(Ser-9, #9336, Cell Signaling, Danvers, MA), anti-PDK1

(#3062, Cell signaling, Danvers, MA), anti-phospho-Akt

(Ser-473, #9271, Cell Signaling, Danvers, MA), anti-

phospho-ATM (Ser-1981, Cell Signaling, Danvers, MA),

anti-rabbit IgG(H+L)/HRP (ZB-2301, Zhongshan, Beij-

ing, China), and anti-mouse IgG(H+L)/HRP (ZB-2305,

Zhongshan, Beijing, China).

Comet assay

After irradiation with 4 Gy g-rays and culture for 0-6 h,

cells were collected and mixed with low melting point

(LMP) agarose at 37°C. This mixture was placed on top

of a previous previously formed layer of 0.5% normal

melting point agarose on a slide, covered with a cover

slip, and returned to 4°C until solidified. Then, the

cover slip was gently removed and another layer of nor-

mal melting point agarose was added on top. The slide

was again covered with a cover slip and placed at 4°C

until the mixture solidified. The slide was placed in

chilled neutral lysis solution and subjected to electro-

phoresis. Thereafter, slides were gently washed with

neutralization buffer, stained with ethidium bromide,

and visualized under a fluorescence microscope. DNA

damage was expressed as the tail moment, combining

comet tail length and the proportion of DNA migrating

into the tail.

Cell synchronization using the thymidine

double-blocking method

106 of cells were plated in 60 mm Petri dishes, and thy-

midine was added to a final concentration of 2 mM

after cell adherence (about 6-8 h). The cells were cul-

tured for 16 h. After removal of the thymidine and incu-

bation for 10 h in the fresh DMEM solution, thymidine

was added to a final concentration of 2 mM for an addi-

tional 16 h. After removal of thymidine again, synchro-

nized cells were cultured in fresh DMEM and collected

at different times for cell cycle analysis and western

blotting.

Cell cycle analysis using flow cytometry

The thymidine-synchronized cells were collected at dif-

ferent times after release from a G1 block. After wash-

ing twice with PBS solution, cells were fixed with chilled

70% alcohol at -20°C for 24 h. The cell sediment was

collected by centrifugation (1,000 rpm, 3 min), washed

twice with PBS solution, incubated with 20 μl RNase A

(20 mg/ml) for 30 min at 37°C, and stained with 25 μg

ml-1 PI (Sigma) for 30 min at room temperature. The

cell cycle distribution was then evaluated using flow

cytometry. All experiments were repeated three times.
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Western blotting analysis

The cells were harvested and washed twice in ice-cold

phosphate-buffered saline. Cell pellets were treated with

lysis buffer (50 mmol/L Tris-HCL, pH7.5, 1% NP-40,

0.5% sodium deoxycholate, 150 mmol/L NaCl, with 1

protease inhibitor cocktail tablet per 50 ml solution),

and the total protein was isolated. Protein (50 μg) was

resolved on 8% SDS-PAGE gels and transferred onto the

polyvinylidene difluoride (PVDF) membrane for immu-

noblotting. ECL was used for detection.

Acknowledgements

The Authors thank Professor Jolyon Hendry (Gray Institute for Radiation

Oncology and Biology, University of Oxford, UK) for helpful editorial

assistance with the paper. This work was supported by grants from the

National Basic Research Program of MOST, China (973 Program, Grant No:

2007CB914603), the Chinese National Natural Science Foundation (Grants

No: 30500267, 30672429) and the Outstanding Youth Science Foundation of

NFSC, China (Grant No. 30825011), and the Beijing Natural Science

Foundation (Grant No: 7072057).

Author details
1Department of Radiation Toxicology and Oncology, Beijing Institute of

Radiation Medicine, Beijing 100850, PR China. 2Institute of Environmental

Pollution and Health, School of Environmental and Chemical Engineering,

Shanghai University, Shanghai 200072, PR China. 3The Center of Clinical

Laboratory, Navy General Hospital, PLA, Beijing 100037, PR China.

Authors’ contributions

JA carried out most of the study and participated in its design. YCH

participated in cell cycle synchronization and flow cytometry analysis. QZX

participated the work design and data discussion. LJZ participated in the

DNA damage analysis. HB carried out the immunoblotting assays of the AT

cell lines. YW participated in the establishment of DNA-PKcs depleted HeLa-

H1/-H3 cells. XDL contributed to the cell culture work. DCW jointly

conceived of the study and coordination. PKZ jointly conceived of the study,

and coordination, participated in its design and drafted the manuscript. All

authors read and approved the final manuscript.

Competing interests

The authors declare that they have no competing interests.

Received: 29 July 2009 Accepted: 6 March 2010

Published: 6 March 2010

References

1. Albino AP, Huang X, Jorgensen ED, Gietl D, Traganos F, Darzynkiewicz Z:

Induction of DNA double-strand breaks in A549 and normal human

pulmonary epithelial cells by cigarette smoke is mediated by free

radicals. Int J Oncol 2006, 28:1491-505.

2. Noel FL, Geraldine WLT: DNA repair: the importance of phosphorylating

histone H2AX. Curr Biol 2005, 15:99-102.

3. Rogakou EP, Pilch DR, Orr AH, Ivanova US, Bonner WM: DNA double-

stranded breaks induce histone H2AX phophorylation on serine 139. J

Biol Chem 1998, 273:5858-5868.

4. Celeste A, Petersen S, Romanienko PJ, Femandez-Capetillo O, Chen HT,

Sedelnikova OA: Genomic instability in mice lacking histone H2AX.

Science 2002, 296:922-927.

5. Paull TT, Rogakou EP, Yamazaki V, Kirchgessner CU, Gellert M, Bonner WM:

A critical role for histone H2AX in recruitment of repair factors to

nuclear foci after DNA damage. Curr Biol 2000, 10:886-895.

6. Redon C, Pilch D, Rogakou E, Sedelnikova O, Newrock K, Bonner W:

Histone H2A variants H2AX and H2AZ. Curr Opin Genet Dev 2002,

12:162-169.

7. Burma S, Chen BP, Murphy M, Kurimasa A, Chen DJ: ATM phosphorylates

histone H2AX in response to DNA double-strand breaks. J Biol Chem

2001, 276:42462-42467.

8. Wang H, Wang M, Wang H, Bocker W, Iliakis G: Complex H2AX

phosphorylation patterms by multiple kinases including ATM and DNA-

PK in human cells exposed to ionizing radiation and treated with kinase

inhibitors. J Cell Physiol 2005, 202:492-502.

9. Anderson L, Henderson C, Adachi Y: Phosphorylation and rapid

relocalization of 53BP1 to nuclear foci upon DNA damage. Mol Cell Biol

2001, 21:1719-1729.

10. Chanoux RA, Yin Bu, Urtishak KA, Asare A, Bassing CH, Brown EJ: ATR and

H2AX cooperate in maintaining genome stability under replication

stress. J Biol Chem 2009, 284:5994-6003.

11. Park EJ, Chan DW, Park JH, Oettinger MA, Kwon J: DNA-PK is activated by

nucleosomes and phosphorylated H2AX within the nucleosomes in an

acetylation-dependent manner. Nucleic Acids Res 2003, 31:6819-6827.

12. Bartkova J, Bakkenist CJ, Rajpert-De Meyts E, Skakkebaek NE, Sehested M,

Lukas J, Kastan MB, Bartek J: ATM activation in normal human tissues and

testicular cancer. Cell Cycle 2005, 4:838-845.

13. Stiff T, O’Driscoll M, Rief N, Iwabuchi K, Lobrich M, Jeggo PA: ATM and

DNA-PK function redundantly to phosphorylate H2AX after exposure to

ionizing radiation. Cancer Res 2004, 64:2390-2396.

14. Lavin MF, Kozlov S: ATM activation and DNA damage response. Cell Cycle

2007, 6:931-942.

15. Ward IM, Minn K, Chen J: UV-induced ataxia-telangiectasia-mutated and

Rad3-related (ATR) activation requires replication stress. J Biol Chem 2004,

279:9677-9680.

16. Mukherjee B, Kessinger C, Kobayashi J, Chen BPC, Chen DJ, Chatterjee A,

Burma S: DNA-PK phosphorylates histone H2AX during apoptotic DNA

fragmentation in mammalian cells. DNA Repair (Amst) 2006, 5:575-590.

17. Solier S, Sordet O, Kohn KW, Pommier Y: Death receptor-induced

activation of the Chk2- and histone H2AX-associated DNA damage

response pathways. Mol Cell Biol 2009, 29:68-82.

18. Reitsema T, Klokov D, Banath JP, Olive PL: DNA-PK is responsible for

enhanced phosphorylation of histone H2AX under hypertonic

conditions. DNA Repair (Amst) 2005, 4:1172-1181.

19. Shimura T, Martin MM, Torres MJ, Gu C, Pluth JM, DiBernardi MA,

McDonald JS, Aladjem MI: DNA-PK is involved in repairing a transient

surge of DNA breaks induced by deceleration of DNA replication. J Mol

Biol 2007, 367:665-680.

20. Shao RG, Cao CX, Zhang H, Kohn KW, Wold MS, Pommier Y: Replication-

mediated DNA damage by camptothecin induces phosphorylation of

RPA by DNA-dependent protein kinase and dissociates RPA:DNA-PK

complexes. The EMBO J 1999, 18:1397-1406.

21. Koike M, Sugasawa J, Yasuda M, Koike A: Tissue-specific DNA-PK-

dependent H2AX phosphorylation and g-H2AX elimination after

X-irradiation in vivo. Biochem Biophys Res Commun 2008, 376:52-55.

22. Chowdhury D, Keogh MC, Ishii H, Peterson CL, Buratowski S, Lieberman J:

g-H2AX dephosphorylation by protein phosphatase 2A facilitates DNA

double-strand break repair. Mol Cell 2005, 20:801-809.

23. Chowdhury D, Xu X, Zhong X, Ahmed F, Zhong J, Liao J, Dykxhoorn DM,

Weinstock DM, Pferifer GP, Lieberman J: A PP4-phosphatase complex

dephosphorylates gamma-H2AX generated during DNA replication. Mol

Cell 2008, 31:33-46.

24. Nakada S, Chen GI, Gingras AC, Durocher D: PP4 is a gH2AX phosphatase

required for recovery from the DNA damage checkpoint. EMBO Rep 2008,

9:1019-1026.

25. Bozulic L, Surucu B, Hynx D, Hemmings BA: PKBa/Akt1 acts downstream

of DNA-PK in the DNA double-strand break response and promotes

survival. Mol Cell 2008, 30:201-231.

26. Feng J, Park J, Cron P, Hess D, Hemmings BA: Identification of a PKB/AKT

hydrophobic motif ser-473 kinase as DNA-dependent protein kinase.

J Biol Chem 2004, 279:41189-41196.

27. Goldberg M, Stucki M, Falck J, D’Amours D, Rahman D, Pappin D: MDC1 is

required for the intra-S-phase DNA damage checkpoint. Nature 2003,

421:952-956.

28. Kinner A, Wu W, Staudt C, Iliakis G: g-H2AX in recognition and signaling of

DNA double-strand breaks in the context of chromatin. Nucleic Acids Res

2008, 36:5678-5694.

29. Stewart GS, Wang B, Bignell CR, Taylor AM, Elledge SJ: MDC1 is a mediator

of the mammalian DNA damage checkpoint. Nature 2003, 421:961-966.

30. Peng Y, Woods RG, Beamish H, Ye R, Lees-Miller SP, Lavin MF, Bedford JS:

Deficiency in the catalytic subunit of DNA-dependent protein kinase

causes down-regulation of ATM. Cancer Res 2005, 65:1670-1677.

An et al. BMC Molecular Biology 2010, 11:18

http://www.biomedcentral.com/1471-2199/11/18

Page 12 of 13

http://www.ncbi.nlm.nih.gov/pubmed/16685450?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16685450?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16685450?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9488723?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9488723?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11934988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10959836?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10959836?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11893489?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11571274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11571274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15389585?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15389585?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15389585?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15389585?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11238909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11238909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19049966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19049966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19049966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14627815?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14627815?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14627815?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15846060?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15846060?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15059890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15059890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15059890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17457059?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14742437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14742437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16567133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16567133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18955500?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18955500?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18955500?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16046194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16046194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16046194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17280685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17280685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18755145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18755145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18755145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16310392?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16310392?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18614045?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18614045?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18758438?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18758438?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15262962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15262962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12607003?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12607003?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18772227?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18772227?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12607005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12607005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15753361?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15753361?dopt=Abstract


31. Shimura T, Torres MJ, Martin MM, Rao VA, Pommier Y, Katsura M,

Miyagawa K, Aladjem MI: Bloom’s syndrome helicase and Mus81 are

required to induce transient double-strand DNA breaks in response to

DNA replication stress. J Mol Biol 2008, 375:1152-1164.

32. Huang X, Tanaka T, Kurose A, Traganos F, Darzynkiewicz Z: Constitutive

histone H2AX phosphorylation on Ser-139 in cells untreated by

genotoxic agents is cell-cycle phase specific and attenuated by

scavenging reactive oxygen species. Int J Oncol 2006, 29:495-501.

33. Kurise A, Tanaka T, Huang X, Traganos F, Darzynkiewicz Z: Synchronization

in the cell cycle by inhibitors of DNA replication induces histone H2AX

phosphorylation: an indication of DNA damage. Cell Prolif 2006,

39:231-240.

34. Ichijima Y, Sakasai R, Okita N, Asahina K, Mizutani S, Teraoka H:

Phosphorylation of histone H2AX at M phase in human cells without

DNA damage response. Biochem Biophys Res Commun 2005, 336:807-812.

35. Alessi DR, James SR, Downes CP, Holmes AB, Gaffney PR, Reese CB,

Cohen P: Characterization of a 3-phosphoinositide-dependent protein

kinase which phosphorylates and activates protein kinase Balpha. Curr

Biol 1997, 7:261-269.

36. Sarbassov DD, Guertin DA, Ali SM, Sabatini DM: Phosphorylation and

regulation of Akt/PKB by the rictor-mTOR complex. Science 2005,

307:1098-1101.

37. Park J, Feng J, Li Y, Hammarsten O, Brazil DP, Hemmings BA: DNA-

dependent protein kinase-mediated phosphorylation of protein kinase B

requires a specific recognition sequence in the C-terminal hydrophobic

motif. J Biol Chem 2009, 284:6169-6174.

38. Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA: Inhibition of

glycogen synthase kinase-3 by insulin mediated by protein kinase B.

Nature 1995, 378:785-789.

39. An J, Yang DY, Xu QZ, Zhang SM, Huo YY, Shang ZF, Wang Y, Wu DC,

Zhou PK: DNA-dependent protein kinase catalytic subunit modulates the

stability of c-Myc oncoprotein. Mol Cancer 2008, 7:e32.

doi:10.1186/1471-2199-11-18
Cite this article as: An et al.: DNA-PKcs plays a dominant role in the
regulation of H2AX phosphorylation in response to DNA damage and
cell cycle progression. BMC Molecular Biology 2010 11:18.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

An et al. BMC Molecular Biology 2010, 11:18

http://www.biomedcentral.com/1471-2199/11/18

Page 13 of 13

http://www.ncbi.nlm.nih.gov/pubmed/18054789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18054789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18054789?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16820894?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16820894?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16820894?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16820894?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16672000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16672000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16672000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16153602?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16153602?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9094314?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9094314?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15718470?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15718470?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19144640?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19144640?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19144640?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19144640?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8524413?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8524413?dopt=Abstract

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	DNA-PKcs is required for H2AX phosphorylation in response to DNA damage induced by ionizing radiation
	DNA-PKcs is required for H2AX phosphorylation associated with cell cycle progression
	The Akt/GSK3&beta; signaling pathway is involved in the regulation of H2AX phosphorylation

	Discussion
	Conclusion
	Methods
	Cell Culture and siRNA Transfection
	Irradiation
	Chemicals and Antibodies
	Comet assay
	Cell synchronization using the thymidine double-blocking method
	Cell cycle analysis using flow cytometry
	Western blotting analysis

	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

